Two strains of S. rosetta were used for the experiments in this study: one grown solely in the presence of the non-rosette inducing bacterium Echinicola pacifica (1), a strain called SrEpac (2) and the other grown solely in the presence of the rosette inducing bacterium Algoriphagus machipongonensis (3), a strain called PX1 (4, 5).
pipetting in fresh 25% CGM3 media. Rosettes were then gently adhered to a poly-D-lysine coated coverslip (FluoroDish, World Precision Instruments, Inc), which had been washed three times using 25% CGM3. Rosettes were observed using a Leica DMIL microscope with a 20x objective (Leica, N Plan, 0.35 NA), and cells were manually counted. In general, rosettes were not overlapping, and cells were deemed to belong to a rosette when oriented radially outward about a central focus.
Quantitative morphology analysis pipeline
For morphological analysis of rosettes, SrEpac cultures were first induced to form rosettes as described above. After 24 hours, developing rosettes were pelleted by centrifugation (1500xg for 10 min) and resuspended in fresh ASW by vigorous pipetting in order to minimize bacteria and to break apart any chains that might be mistaken for rosettes. Rosettes were then deposited onto a poly-D-lysine coated coverslip (FluoroDish, World Precision Instruments, Inc), which had been washed three times using ASW. Rosettes were stained by overloading with LysoTracker Red DND-99 (ThermoFisher Scientific) at 1:200 dilution, which reliably stains the entire cell body. Next, z-stack images of stained rosettes were acquired on a Zeiss 880 laser scanning confocal microscope using a 40x water immersion objective (Zeiss, C-Apochromat, 1.2 NA) and illumination with a 561 nm laser (Zeiss). Importantly, pure water, and not water immersion oil, was used to minimize coverslip deflection during imaging.
After image acquisition, z-stacks were registered using the Stackreg plugin in FIJI (8, 9) . Aligned z-stacks were deconvolved using the Parallel Iterative Deconvolution v1.12 plugin in FIJI (8, 9) . For deconvolution, the Wiener Filter Preconditioned Landweber method (WPL) with stock settings and a theoretical pointspread function for the imaging system generated using the Diffraction PSF 3D plugin in FIJI (8, 9) were used. Aligned, deconvolved z-stacks were then segmented using Imaris v3.8 (Bitplane, Belfast). First, the images were median filtered with a 3x3x1 kernel and smoothed using a Gaussian filter with a sigma of 0.24 microns. Intensity thresholds for local intensity segmentation and thresholds for size and shape filters to exclude extraneous objects such as bacteria within the analysis region were then chosen based on segmentation of a few rosettes from each sample and then kept the same for all rosettes in the sample. Individual cells in rosettes were segmented using the Split Touching Objects option. Segmentation of each rosette was manually inspected, and any improperly segmented cells were manually split and fused as necessary. Statistics of segmented rosettes, including number of cells, cell positions, orientations, sizes, and shapes were exported to MATLAB release 2016a (Mathworks, Natick) for additional morphological analysis.
Rosette volume was measured by determining the convex hull of cell positions. Maximum rosette width was measured by the maximum distance between cells in rosettes. To further evaluate rosette morphology, principal axes of rosettes were determined by principal components analysis of cell positions. Flatness ( ) and Sphericity ( ) of rosettes were computed from these principal components where = 1 − / , and = ) / + , where , , and are the principal axes in descending order of magnitude. The packing of cells was then quantified by the average number of neighboring cells over all cells in rosettes as determined by a Voronoi tessellation (10) of cell positions. Finally, rosettes were then binned by cell number for the final analysis of morphological progression.
Cell lineage analysis
Rapidly growing SrEpac cultures were induced to form rosettes, and 9 hours post induction, induced cells were concentrated to 5x by centrifugation and resuspension in 5% SWC (1200xg for 5 min, initial volume 15mL resuspended in 3mL) and then deposited in a 200 µL droplet on a poly-D-lysine coated coverslip (FluoroDish, World Precision Instruments, Inc). Cells were imaged in phase contrast or DIC on either a Zeiss Axio Observer Z1 with a 20x (Zeiss, Plan-Apochromat, 0.8 NA) objective or a Leica DMI6000B with a 20x (Leica, Plan-Apochromat, 0.7 NA) objective at 1 frame/minute for 16 hours. Cell positions were tracked using the Manual Tracking plugin in FIJI (8, 9) , and division events were tracked and recorded manually. For analysis of chain cell lineages, the cells were not induced to form rosettes, but otherwise all previous steps were followed.
ECM measurements
Rosettes were prepared as in the "Quantitative morphology analysis pipeline" section (QMAP). Additionally, to label the ECM, fluorescein labeled Jacalin (Vector Labs, FL-1151) at a 1:400 dilution was added to the concentrated rosettes. Imaging also followed the QMAP with additional sequential illumination with a 488 nm laser to excite the fluorescein. Z-stack images were processed and analyzed following QMAP with the exception of post-processing in MATLAB, as cell and ECM volumes were exported directly from Imaris.
Laser ablation
For laser ablation, an upright Olympus BX51WI microscope (Olympus Corporation) equipped with Swept Field Confocal Technology (Bruker) and a Ti:Sapphire 2-photon Chameleon Ultra II laser (Coherent) were used. The 2-photon laser was set to 770 nm and ablation was performed using three 20 ms pulses. A 60x water dipping objective (Olympus, LUMPlanFL N, 1.0 NA) was used for imaging. Images were captured using an EM-CCD camera (Photometrics). The following emission filter was used: Quad FF-01-446/523/600/677-25 (Semrock). PrairieView Software (v. 5.3 U3, Bruker) was used to acquire images.
Rosettes and chains were gently adhered to a coverslip using poly-D-lysine and stained with lysotracker (as described above). Individual cells in colonies were ablated, and the subsequent relaxation, which is proportional to the elastic stress (11) (12) (13) , was recorded at a frame rate of 1/0.48 s. Images were registered using the StackReg plugin in FIJI (8, 9) to correct for small movements of the colonies due to flagellar motion during acquisition of images. Relaxation velocities were measured in the frames following ablation by particle image velocimetry (PIV) using PIVlab software in MATLAB (14) . Settings for PIV included four direct Fourier transform correlation passes with window sizes of 64, 32, 16 and 8 pixels and respective step sizes of 32, 16, 8, and 4 pixels. Noise and erroneous velocities were rejected using filters of 7 standard deviations about the mean and local median filters with a threshold of 5 and epsilon of 0.1 were applied. Finally, any remaining velocity measurements not corresponding to displacements of cells in rosettes were manually rejected. Relaxation velocities were measured in the subsequent 3 frames following ablation by radial scans about the circumference of the rosette and manually selected paths along the length of chains, and the maximum measured velocity was recorded. Even in cases when no relaxation was observed, velocities were still recorded due to cytoplasmic movement, pixel noise, and subtle cellular movements due to flagellar beating.
Strontium treatment
For strontium treatment of rosettes, SrEpac cultures were centrifuged at 1500g for 10 to pellet all cells and resuspended in 5% SWC media containing added SrCl2 to a final concentration of either 0, 2.5, or 5 mM. These cells were then induced to form rosettes as described above. Morphological analysis and laser ablation were also conducted as described above. For cell growth assays (SI Appendix, Fig. S4 ), SrEpac cultures were prepared as described in the preceding paragraph but were not induced to form rosettes. Cells were then plated into 12-well plates (Falcon) at an initial density of 20000 cells/mL. To determine cell density, cells were counted using a hemocytometer (Hausser Scientific) viewed in phase contrast on a Leica DMIL microscope with a 20x (Leica, N Plan, 0.35 NA) objective. Cells were counted at 4, 24, and 28 hours. Growth rates were then determined by exponential fits to the log-phase of growth obtained using the Curve Fitting application in MATLAB.
Simulations
Cells and ECM were modelled as spherical particles ( Fig. 6 ) with interactions that allowed us to tune the various morphological and material properties we wished to investigate. The particle representation allowed us to capture both the relevant geometric aspects of colony formation including polarized cell divisions and ECM secretion as well as the discrete and stochastic nature of these processes.
Cells
Each cell was composed of three linked particles with diameters . , + , and / representing the basal pole, cell body, and collar and in ascending order of magnitude, to capture cell geometry.
Cell particles interacted sterically with one another via the hard-sphere Weeks-Chandler-Andersen (WCA) potential (15) where the spring constant = b sets the strength of the potential, and rest length X = 2( . 2 ⁄ + + + / 2 ⁄ ) was chosen to be large enough to ensure cell elongation. For simplicity, the mass of all cell particles was the same, and the friction coefficient was otherwise determined by viscosity, and the particle diameter, : = 6 .
ECM ECM was composed of small particles with diameter X2j ≪ . . To maintain ECM cohesion (while preventing divergence in energy) and volume, allow for ECM deformations and shape transformation, and for computational tractability, ECM-ECM particle interactions were also modeled by a modified Lennard-Jones potential (16), which reduces interparticle repulsion and better describes a condensed state, such as ECM: jOP ( ) = 4 9:
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; lmn = > + @ for < DEF , and jOP ( ) = 0 for > DEF where is the interparticle distance, = X2j sets the strength of ECM adhesion, and DEF = / is the cutoff distance for the potential.
Cell-ECM interactions
To capture adhesive interactions while preventing particle overlap and for computational tractability, cell-ECM adhesion was modeled with a modified Lennard-Jones potential between basal cell particles and ECM particles: 
Cell division
Cells were allowed to divide stochastically, with probability qIr ( ) = .
.ct uvwxuy z<{ | where qIr is the cell cycle time, and = 
Running simulations
Simulations were carried out using Fortran and followed Brownian dynamics (17):
where and ̇ are position and velocity; ( ) is the sum of all interaction potentials acting on a given element of the system (particle), so −∇ ( ) with ∇ as the gradient operator, is the force resulting from the total interaction potential on a given element of the system (particle); is the friction coefficient, " is Boltzmann's constant, is temperature, and ( ) is a delta correlated, stationary Gaussian process with 0 mean. For simplicity, the mass of all particles was the same, and the friction coefficient was otherwise determined by viscosity, and the particle diameter, : = 6 . A Verlet integration algorithm was used to update the positions of the spheres at each timestep in the simulation (18) .
Simulation analysis
In the model, three main parameters corresponding to physical aspects of choanoflagellate cells and rosettes describe the system: 1) cell aspect ratio, defined to be the length to width ratio of the three particle system: . All other parameters not already fixed in the previous paragraphs were varied to explore the morphospace (Fig. 6B) , with axes corresponding to the three main parameters detailed in the previous section. The timestep for simulations was 0.001 qIr . Simulation snapshots for Fig. 6 were rendered for the visual inspection of morphologies using Python. Rosettes were defined as structures with cells completely surrounding a central region of ECM; disks were defined as structures that maintained a closed ring of cells pointing radially outward along the colony circumference with an open central region of ECM; cups and cones were defined as structures with cells clustered together, oriented in roughly the same direction, opposed to an open ECM emanating away from the basal pole of all cells; and trees were defined as structures with cells oriented in a similar fashion to those in cones but with the ECM displaying a dichotomous branching structure. Quantitative analyses of simulation results (SI Appendix, Fig. S5 ) were carried out in MATLAB. (B) Sphericity, , of cells as measured by = ( ) ¥ , where V is cell volume and A is cell area and is defined as in (19) , decreased in rosettes while remaining constant in chains. This is consistent with cells in rosettes either actively changing shape during development, becoming deformed by compressing due to cell packing, or a combination of the two. Data were pooled from 100 rosettes and 110 chains, with at least 8 colonies from each size class. Error bars are standard error of the mean. (Fig. 5D ). The mean of 10 different simulation runs for each s value is plotted here, and error bars are the standard error of the mean. 
